. Role of intestinal transit in the pathogenesis of gallbladder stones. Can J Gastroenterol 1997;11(1):57-64. Increasing evidence implicates prolonged intestinal transit (slow transit constipation) in the pathogenesis of conventional gallbladder stones (GBS), and that of gallstones induced by long term octreotide (OT) treatment. Both groups of GBS patients have multiple abnormalities in the lipid composition and physical chemistry of their gallbladder bile -associated with, and possibly due to, an increased proportion of deoxycholic acid (DCA) (percentage of total bile acids). In turn, this increase in the percentage of DCA seems to be a consequence of prolonged colonic transit. Thus, in acromegalic patients OT treatment significantly prolongs large bowel transit time (LBTT) and leads to an associated increase of the percentage of DCA in fasting serum (and, by implication, in gallbladder bile). LBTT is linearly related to the percentage of DCA in fasting serum and correlates significantly with DCA input (into the enterohepatic circulation) and DCA pool size. However, these adverse effects of OT can be overcome by the concomitant use of the prokinetic drug cisapride, which normalizes LBTT and prevents the rise in the percentage of serum DCA. Therefore, in OT-treated patients and other groups at high risk of developing stones, it may be possible to prevent GBS formation with the use of intestinal prokinetic drugs.
O ver the past 10 years the concept of a triple defect in the pathogenesis of cholesterol-rich gallbladder stones has become accepted (1) . This triple defect -supersaturated gallbladder bile; a nucleation defect with an imbalance between promoters and inhibitors of cholesterol microcrystal precipitation; and gallbladder motor dysfunction with impaired, meal-stimulated gallbladder emptying -is often depicted as a Venn diagram, with overlapping circles to emphasize the belief that the three abnormalities must co-exist before stones can form. Recently, however, modifications to the Venn diagram have been proposed (2) , with five or even six overlapping circles to incorporate 'new' concepts, such as the role of mucus glycoprotein (MGP) synthesis and secretion by the gallbladder. MGP contributes to gallstone formation not only by promoting nucleation (3) (4) (5) but also by trapping the cholesterol microcrystals in a surface mucus gel on the gallbladder mucosa (6) .
The idea that abnormal intestinal motility may also contribute to gallstone formation is not new, although the suggestion that gallstone disease could be secondary to changes in intestinal transit is far from widely accepted. The purpose of this contribution, therefore, is to review the evidence, both direct and indirect, that changes in intestinal transit may predispose to lithogenic changes in biliary bile acid and bile lipid composition, and to cholesterol gallbladder stone formation.
For many years the main protagonists of the intestinal transit theory were the Bristol group (7) and a team from the Netherlands (8) , although studies from the United States (9, 10) and Sweden (11) also showed a relationship between intestinal transit and bile composition. A consensus from these studies is that prolongation of intestinal transit increases either the anaerobic bacterial enzymatic biotransformation (deconjugation followed by 7-alpha dehydroxylation) of conjugated cholic acid to deoxycholic acid (DCA) and/or the absorption of this secondary bile acid. Whatever the mechanism, the net effect is an increase in the percentage of DCA conjugates in bile (expressed as a percentage of the total bile acids), and this favours biliary cholesterol hypersecretion, increases in biliary cholesterol saturation and gallstone formation. Recently other investigators have extended these observations in experimental animals (12) (13) (14) and humans (15, 16) .
In their comprehensive review, Marcus and Heaton (7) noted that the mean percentage of DCA in duodenal bile was higher in gallstone carriers than in controls in 19 of 20 comparisons. Furthermore, in eight of the 20 studies the differences were statistically significant. Several other groups have confirmed their findings (15) (16) (17) .
These observations lack the power of a meta-analysis. However, they strongly support the conclusion that, with few exceptions, the mean percentage of DCA in bile is greater in gallstone carriers than in controls, even if the range of mean values for the percentage of DCA in the bile of controls varies enormously from study to study, and often overlaps that found in gallstone subjects. Furthermore, this increase in the relative proportion of DCA conjugates in bile or in the absolute size of the DCA pool (at present it is unknown which of these two is most important) occurs even though the total bile acid pool size in gallstone patients is often less than normal (18) (19) (20) .
ROLE OF INTESTINAL TRANSIT IN THE PATHOGENESIS OF OCTREOTIDE-INDUCED
GALLBLADDER STONES Octreotide (OT) is a long-acting somatostatin analogue that is an effective treatment for acromegaly. However, it induces gallbladder stone formation in 13% to 60% of patients treated for three to 51 months (21) (22) (23) (24) . Most, but not all, of these OT-associated stones are cholesterol-rich (25) . OT acts by suppressing circulating levels of growth hormone and insulin-like growth factor-I, but its effects on peptide hormone secretion are nonspecific. It also inhibits mealstimulated cholecystokinin (CCK) release from the intestine (26) (27) (28) (29) and, largely as a result, suppresses gallbladder contraction in response to food (27, 29) . Indeed, we (30) have confirmed that both acute and chronic OT treatment effectively abolishes meal-stimulated gallbladder emptying.
Until recently, suppression of CCK release and gallbladder contraction was considered to be the principal, if not the sole, mechanism for the induction of OT-induced gallbladder stones. However, given the multiplicity of factors involved in the development of 'conventional' gallstones, unrelated to acromegaly or OT treatment, it is important also to study bile acid and lipid composition and the physical chemistry of gallbladder bile. Since this must be done in fresh bile, the technique of ultrasound-guided, percutaneous, transhepatic, fine needle puncture of the gallbladder was used to aspirate samples from patients with conventional gallbladder stones (disease controls); acromegalic patients with OT-associated gallbladder stones; and stone-free acromegalic patients untreated with OT (31, 32) . (In retrospect, results in these patients were comparable with those in historical control subjects.)
Results of these studies have been published in full elsewhere (16) . In brief, gallbladder bile from the acromegalic patients showed changes comparable with those seen in patients with conventional cholesterol-rich gallbladder stones, and was different in composition from that seen in stone-free 'controls'. Thus, on average, gallbladder bile from patients with OT-associated gallbladder stones was supersaturated with cholesterol, had a high percentage of the total biliary cholesterol in the vesicular fraction and a high molar ratio of cholesterol:phospholipids in the vesicles (an index of vesicular instability). Patients with OT-associated gallbladder stones also had pathologically rapid nucleation of cholesterol microcrystals. These changes were associated with an increase in the mean percentage of DCA conjugates in bile, which was twice as high in both groups of stone carriers as that in the stone-free controls.
The abnormal bile composition seems to be due to OT treatment rather than to the presence of stones. Thus, when paired studies were carried out in a small number of acromegalic patients, before and during OT treatment (16) , the percentage of DCA in bile doubled and the cholesterol satu-ration index (CSI) rose significantly, even in the absence of gallbladder stone formation.
MECHANISM FOR OT-INDUCED INCREASE IN
THE PERCENTAGE OF DCA IN BILE The mechanism whereby OT treatment increases the percentage of DCA conjugates in bile is not fully understood and is under investigation. However, strong circumstantial evidence suggests that it is secondary to OT-induced changes in intestinal transit. Results of earlier studies (26, (33) (34) (35) (36) showed that a single injection of OT significantly prolonged small bowel transit in controls. However, there was little previous information about the effects of chronic OT treatment on both small and large bowel transit in acromegalic patients.
To study the effects of chronic OT treatment on bowel transit in acromegalic patients, we (30) measured the mouth-to-cecum transit time (MCTT) using the breath hydrogen technique (37, 38) in control subjects and acromegalic patients given a subcutaneous injection of either saline (placebo) or 50 µg OT, 30 mins before a fat-rich liquid test meal (Ensure; Abbott Laboratories) (250 mL) plus 20 mL lactulose as a substrate for hydrogen. MCTT was measured after a single injection of OT (acute studies) or during long term OT treatment of the acromegalic patients (chronic studies). We (30) also used a radio-opaque marker shape technique (39) to study whole gut and large bowel transit times (LBTTs) in the same groups of individuals, that is, control subjects, acromegalic patients untreated with OT and acromegalics on long term OT therapy. Studies of large bowel transit are particularly relevant because the cecum and colon are thought to be the principal sites for the conversion of cholic acid to DCA (40) (41) (42) .
Our results confirmed that a single 50 µg injection of OT markedly prolonged the MCTT in control subjects (30) . We also showed that small bowel transit (MCTT) in acromegalic patients was significantly longer than that in controls. Despite this, OT further prolonged the MCTT in acromegalic patients -often to more than 5 h, by which time the test was abandoned if there had been no rise in breath hydrogen excretion ( Figure 1 ).
Acromegalic patients again had significantly longer large bowel transit times than control subjects but, in unpaired studies, there was no further prolongation of LBTT in patients receiving long term OT ( Figure 2 ). This observation supports the results of a recent study by von der Ohe et al (43) who showed that the effects of OT on intestinal motility were confined to the small bowel and largely spared the colon. However, these researchers studied manometry in the cleansed colon of control subjects, while we (30) measured intestinal transit in the unprepared bowel of both normal individuals and acromegalic patients. Therefore, the two studies are not directly comparable, even if a recent report from France (44) suggests that pressure recordings are comparable in the cleansed and noncleansed colon.
We (45) recently extended our observations by performing paired, before and during treatment, studies of large bowel transit in acromegalic patients on long term OT; we found that the somatostatin analogue consistently and significantly increased the LBTT. 
RELATIONSHIP BETWEEN LBTT AND THE PERCENTAGE OF DCA IN BILE AND SERUM
If OT-induced changes in large bowel transit are responsible for the increase in the percentage of DCA in bile, one might expect to find a significant correlation between these two variables. This has not been studied directly, although the report by Marcus and Heaton (46) comes close. These authors did not study the effects of OT on intestinal transit but did show that there were statistically significant correlations between the change in whole gut transit time (induced in constipated subjects by taking standardized senna or in normal volunteers by taking loperamide) and, first, the change in DCA pool size and, second, the change in the percentage of DCA in duodenal bile.
We (47) have yet to show that there is a relationship between OT-induced changes in intestinal transit and the percentage of DCA in bile, but we have studied this indirectly by relating LBTT to fasting serum DCA levels in controls and acromegalic patients. For both conjugated and unconjugated bile acids, we found highly significant linear relationships between the percentage of DCA in the serum and LBTT. The interpretation of this finding is based on the assumption that measurement of serum bile acids provides an accessible 'window' for studying biliary bile acids indirectly. It also assumes that, ultimately, there is a dynamic exchange between the bile acid pools in the serum and in bile. (After food ingestion, there may be a temporary disequilibrium between the bile acid pool in the serum and that in bile as a result of selective shunting of unconjugated [and, to a lesser extent, glycine conjugated] bile acids into the peripheral circulation, and a preferential transfer of the conjugateswhich have a high first-pass hepatic clearance rate -through the liver and into the bile.) Indeed, this is the justification for using stable isotopes to measure bile acid pool size and turnover rate by the Stellaard technique (48) in the peripheral circulation, a method that we are using to measure cholic and DCA kinetics in acromegalic patients before and during long term OT treatment.
To date, we have published only preliminary results of DCA pool size and input (into the enterohepatic circulation) rate in controls and patients with slow transit constipation (49) . We found that the mean DCA pool size and input rate were both significantly greater in the constipated individuals than in the controls and, once again, there were significant linear relationships between LBTT and both the DCA pool size and input rate.
ROLE OF INTESTINAL TRANSIT IN THE PATHOGENESIS OF 'CONVENTIONAL' CHOLESTEROL GALLSTONE DISEASE
If prolongation in intestinal transit plays a major role in the development of OT-induced gallbladder stones, what is the evidence that this pathogenetic mechanism also applies to conventional gallstone disease? Once again, the bulk of the evidence on this subject comes from studies by the Bristol group. As noted above, Marcus and Heaton (46) showed that when constipation was induced by motility inhibiting drugs, the percentage of DCA and the cholesterol saturation of duodenal bile increased. Conversely, when rapid intestinal transit was induced with a variety of regimens (including lactulose, senna or a high fibre, bran-supplemented diet), the percentage of DCA and the cholesterol saturation fell (7, 46) .
Furthermore, from ultrasound-based epidemiological studies of gallstone prevalence in western England, a subgroup of women with gallstones was identified who had no obvious risk factors for gallstone formation. In this population of normal weight women, whole gut transit time and fecal wet weight were measured and compared with results from age-matched controls. In the gallstone carriers, mean whole gut transit time was nearly 20 h longer than that in controls, while their stool output was almost half that seen in stone-free individuals. In other words, normal weight woman with gallstones seemed to suffer from slow transit constipation (50) .
The Bristol findings are supported by the results of a recent Japanese/Swedish study by Shoda and co-workers (15) . They also found that the cholesterol saturation and the percentage of DCA conjugates in bile were linked to changes in gallbladder and intestinal motility, both these variables being significantly different in patients versus controls (Table 1).
Finally, Xu et al (13) studied ground squirrels that were given a lithogenic (1% cholesterol) diet. These animals too developed supersaturated bile with rapid nucleation of cholesterol microcrystals and prolonged intestinal transit. They also showed that the abnormal small bowel transit could be corrected by treatment with the prokinetic agent erythromycin, which corrected the abnormalities in bile composition and physical chemistry (14) .
UNIFYING HYPOTHESIS TO EXPLAIN
OT-INDUCED GALLBLADDER STONE FORMATION Based on the aforementioned results, we developed a hypothetical sequence of events to explain the pathogenesis of OT-induced gallbladder stones (summarized schematically in Figure 3) . The hypothesis was proposed primarily to ex- plain the development of gallbladder stones in patients receiving long term OT treatment. However, as discussed below, it may also apply to the pathogenesis of cholesterol gallstones in general, which form spontaneously. According to this hypothesis, treatment with the somatostatin analogue OT leads to a greater than normal formation of DCA in the intestine as a result of increased intestinal bacterial 7-alpha dehydroxylation of cholic acid. However, to increase the proportion of DCA conjugates in bile, the newly biotransformed DCA has to be absorbed from the intestine, taken up by the liver, conjugated with glycine or taurine, and secreted into bile.
We (51) and others (11, 15, (52) (53) (54) (55) (56) have shown that there is a significant linear relationship between the percentage of DCA and the CSI. An explanation for this observation may be that the hydrophobic DCA promotes hypersecretion of biliary cholesterol. Carulli et al (57) showed that acute enrichment of the bile acid pool with DCA, achieved by intraduodenal infusion of DCA in postcholecystectomy T tube patients, stimulated a high output of biliary cholesterol.
DCA-rich bile may influence gallbladder stone formation by mechanisms other than by its effect on biliary cholesterol secretion. Cantafora et al (58) , van Berge Henegouwen et al (59) and Hatsushika et al (60) showed that there was a correlation between the percentage of DCA and the proportion of arachidonic acid-rich phospholipids in bile. In support of this, we (61) showed (again in paired, before and during treatment studies) that chronic OT therapy significantly increased not only the percentage of DCA and the CSI, but also the proportion of arachidonic acid-rich phosphatidylcholine, expressed as a percentage of total biliary lecithin, in gallbladder bile. This increase affected the 16:0-20:4 and 18:0-20:4 phosphatidyl cholines (that is, phosphatidyl cholines with 16 or 18 carbon atoms and no double bonds in the sn1 position and 20 carbons with four double bonds in the sn2 position). We (62) also confirmed that there were significant linear relationships between the percentage of DCA and the proportion of arachidonic acid-rich phospholipids in gallbladder bile.
Whether this increase in arachidonic acid-rich phosphatidylcholine, or the associated increase in biliary cholesterol saturation, is responsible for an increase in the synthesis and secretion of MGP by the gallbladder mucosa, which is thought to occur in gallbladder stone disease, is debatable. Whatever the mechanism, we also found increased concentrations of biliary MGP in gallbladder bile from patients on long term OT treatment (although the difference between mean before and during treatment MGP results was not statistically significant) (62) .
Further discussion of the controversial role of arachidonic acid-rich phospholipids in gallbladder bile, prostaglandin metabolism in the gallbladder wall, MGP synthesis and secretion by the gallbladder, and the possible relationship between prostaglandins and gallbladder motility, is beyond the scope of this review. In theory, prolongation of intestinal transit could lead to a complex series of events affecting the gallbladder's MGP production; impaired gallbladder emptying; lithogenic changes in bile acid and bile lipid composition; more rapid nucleation of cholesterol microcrystals; and cholesterol gallbladder stone formation (Figure 3) . Although this hypothetical sequence of events is supported by reasonably strong direct and indirect evidence, it does not imply that altered intestinal transit is the sole, or even the prime, pathogenetic mechanism in the development of either OT-induced or 'conventional' cholesterol gallstones. The powerful effect of OT on gallbladder motility -both through inhibition of meal-stimulated CCK release from the There is no way of quantifying the relative contribution of these various pathogenetic factors to gallstone formation. Nonetheless, as in conventional gallbladder stone disease, multiple mechanisms are involved in the development of OT-induced gallbladder stones, and prolongation of intestinal transit must now be considered as a further defect, depicted by yet another circle in the Venn diagram of gallstone pathogenesis.
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Figure 3) Hypothetical sequence of events to explain how prolongation of intestinal transit might predispose to a greater than normal incidence of cholesterol-rich gallbladder stones (GBS
CAN GALLSTONE FORMATION BE PREVENTED BY USING PROKINETIC AGENTS?
The precedent that prokinetic drugs may prevent the development of gallstones comes from studies of patients at risk of sludge and stone formation during total parenteral nutrition (63) or in intensive care (64) . Sitzmann and colleagues (65) showed that injections of CCK markedly inhibited sludge and stone formation in patients receiving total parenteral nutrition while Hasse et al (66) found that 1.5 µg ceruletid (caerulin)/kg body weight reduced gallbladder sludge in 95% of patients in a surgical intensive care unit. CCK is prokinetic to the intestine as well as the gallbladder, but since CCK must be injected (or infused) we argued that it is unlikely to be acceptable as long term prophylaxis in patients at risk of gallstone formation during chronic OT treatment. Hasse and colleagues (66) came to the same conclusion; ceruletid treatment caused frequent and often severe side effects in 67.5% of their patients. Table 2 lists candidate prokinetic regimens that might have been tried in an attempt to counter this iatrogenic disease. For complex reasons, however, we chose cisapride. Oral cisapride, 10 mg four times/day, prevents prolongation of both MCTT and LBTT seen during OT treatment (67) . Thus, LBTT increased from 39± 4.9 h in acromegalic patients untreated with OT to 54± 4.3 h in those taking long term OT, while patients given cisapride plus OT had LBTTs of 30± 4.4 h. There were corresponding changes in the percentage of DCA in fasting serum, which increased from 15± 1.8% before OT to 24± 2.9% in patients on long term OT plus placebo, but fell to 13± 4.5% when cisapride (40 mg/day for two weeks) was added to the long term OT. In fact, in this study (67) there was a significant linear relationship between LBTT and the percentage of DCA in serum (r=0.76; P<0.005).
The observation that cisapride shortens LBTT is consistent with the results of most, but not all, previous studies which show that cisapride accelerates both small and large bowel transit. Thus, El Oufir and colleagues (68) titrated the amount of cisapride in control subjects "to approximately halve the spontaneous transit time". Patients were started on 20 mg/day cisapride, which increased to 60 mg/day "if the desired effect was not achieved". They showed that the mean transit time was significantly shortened from 73± ± 11 h in the control period to 47± ± 5 h after cisapride (P<0.05). This induced change in transit was associated with an increase in the concentrations of butyrate and propionate, and a decrease in the pH of the feces, which suggests that changes in intestinal transit can influence colonic/fecal pH by influencing short chain fatty acid production, absorption or both.
We have recently determined the optimum reaction conditions, in vitro, for measuring the two intestinal bacterial enzymes responsible for conversion of the conjugates of cholic acid to unconjugated DCA (69) . This is part of an on-going program of research designed to examine the inter-relationship between the 'input' of DCA into the enterohepatic circulation (as judged by the percentage of DCA in fasting serum and gallbladder bile, and the DCA pool size, measured by a stable isotope dilution technique) and each of the following: intestinal transit; luminal pH; quantitative bacterial flora; and bacterial enzyme activities (deconjugation and 7-alpha dehydroxylation) in the cecum/ right colon.
Returning to the finding that cisapride not only shortened LBTT, but also reduced serum (and, by implication, biliary) DCA levels to normal, we conclude that if changes in intestinal transit are rate-limiting in the pathogenesis of OT-induced gallbladder stones, cisapride should prevent their formation. Conversely, if OT inhibition of mealstimulated gallbladder emptying is more important than its effect on intestinal transit, cisapride may not be the answer. Thus, in common with others (70,71), we (72) found that cisparide increased, rather than decreased, fasting gallbladder volume in both non-acromegalic patients and acromegalics taking long term OT. It also significantly increased the residual (postprandial) gallbladder volume in acromegalic patients on long term OT.
If we can confirm that cisapride not only reverses the effects of OT on small and large bowel transit, but also prevents the OT-induced increase in DCA pool size, the increase in the percentage of DCA in bile, and the associated increases in biliary cholesterol saturation and the speed of microcrystal nucleation, then we believe that a formal prospective study with cisapride is justified to learn whether we 
